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The search for novel antimicrobial agents to combat microbial pathogens is intensifying in response to
rapid drug resistance development to current antibiotic therapeutics. The use of disulfide-rich head-to-
tail cyclized polypeptides as molecular frameworks for designing a new type of peptide antibiotics is
gaining increasing attention among the scientific community and the pharmaceutical industry. The use
of macrocyclic peptides, further constrained by the presence of several disulfide bonds, makes these
peptide frameworks remarkably more stable to thermal, biological, and chemical degradation showing
better activities when compared to their linear analogs. Many of these novel peptide scaffolds have been
shown to have a high tolerance to sequence variability in those residues not involved in disulfide bonds,
able to cross biological membranes, and efficiently target complex biomolecular interactions. Hence,
these unique properties make the use of these scaffolds ideal for many biotechnological applications,
including the design of novel peptide antibiotics. This article provides an overview of the new
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Introduction

According to the Centers for Disease Control and Prevention,
the six ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas
aeruginosa, and Enterobacter species) bacterial species cause
around two-thirds of healthcare-associated infections (e.g., pneu-
monia, septicemia), leading to close to 99 000 deaths annually in
the United States." A trait of these emerging difficult-to-treat
clinical superbugs is their ability to “escape” the action of
multiple traditional antibiotics, in part due to biofilm formation
as well as mechanisms of drug resistance. It is estimated that
globally, at least 1.2 million people died in 2019 because of
bacterial infections caused by multidrug-resistant (MDR) bacter-
ial strains.” It is expected that the rapid spread of MDR bacterial
strains may cause about 10 million deaths per year globally by
2050.> These terrifying facts seriously highlight the urgent need
to develop novel antibiotic therapeutic agents.

Several approaches have been proposed for the development
of novel antimicrobial therapeutics. For example, the use of
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peptides against multidrug-resistant bacteria.

antibody protein pseudo capsids, probiotics, metal chelation,
CRISPR-Cas9, bioengineered toxins, bacteriocins, vaccines and
antibodies are also currently being explored to overcome anti-
biotic resistance (see ref. 3 and references cited there).

Among the different approaches this review will focus on the
use of highly constrained peptides, specifically on highly con-
strained disulfide-rich backbone-cyclized antimicrobial peptides.
Antimicrobial peptides are essential host defense molecules found
in a wide variety of species and have been proposed as promising
antibacterial therapeutic candidates.” To date, several hundreds of
antimicrobial peptides have been identified in a variety of life
forms ranging from bacteria, fungi, plants, amphibians, and
mammals, including humans.>® In mammals, cathelicidins, pro-
tegrins, and defensins are the three major types of host defense
peptides.”®

However, the utility of these peptides as antimicrobial
therapeutic agents has been typically hampered by their gen-
erally poor stability and limited bioavailability.” To overcome
these limitations, the use of highly constrained peptides has
recently received special attention, mostly through backbone
cyclization, incorporation of non-natural amino acids, and Cys-
based disulfide bridges for the design of novel peptide-based
antimicrobial agents with better stability.'*™*®

In this review, we will present recent developments in the use
of Cys-rich cyclic polypeptides for designing novel peptide anti-
biotics. Cyclic Cys-rich peptides are widely distributed natural
product polypeptides among different species, including animals

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the structural complexity of naturally occurring disulfide-rich cyclic peptides that are commonly used as
molecular scaffolds for the development of novel antibacterial therapeutic leads. Techniques used to improve or introduce antimicrobial activities
include the use of SAR introducing charged/hydrophobic or non-natural amino acids, backbone cyclization, molecular grafting, and evolution
techniques. As indicated in the test, some of these engineered constructs have shown to exhibit high activity against multi-drug resistant (MDR)
pathogenic bacteria. Molecular structures shown on the scheme include 0-defensins (RTD-1, pdb: 1HVZ),'>® BBI peptides (sunflower peptide trypsin
inhibitor 1, SFTI-1, pdb: 1JBL),*%” a-defensins (cryptidin 4, pdb: 2GW9),8 cyclotides (cycloviolacin O2, pdb: INBJ),**® and B-hairpin antimicrobial peptides

gomesin (pdb: 1KFP)**” and porcine PG-1 (pdb: 1PG1).%”

and plants (Scheme 1). They have attractive features, including
thermal, chemical, and biological stability against proteases.
Peptides that will be discussed in this review include the use
of cyclotides, mammalian defensins, and sunflower protease
inhibitor 1, among others, as molecular frameworks to produce
novel peptide-based antimicrobial agents.

Defensins

Defensins are Cys-rich peptides containing three disulfide
bridges that belong to the B-sheet class of antimicrobial
peptides in vertebrates."* Defensins are small (29 to 42 residues
long), mostly cationic and amphipathic peptides showing
broad-spectrum and direct and indirect antimicrobial activity
against Gram-positive and Gram-negative bacteria, fungi, and
viruses."” Defensins can be divided into three subfamilies:
a-, B-, and 6-defensins, depending on the position of the Cys
residues forming the corresponding disulfide bridges (Fig. 1
and Table 1)."* While o- and B-defensins are linear polypeptides

© 2023 The Author(s). Published by the Royal Society of Chemistry

that are widely distributed in vertebrate species, 8-defensins are
backbone cyclized or circular cyclic polypeptides found only in
certain non-human primates (Fig. 1).">"’

o- and p-Defensins

Defensins were initially discovered in rabbit lung macrophages
being later also reported in other vertebrate species."* Defensin-
like peptides have also been isolated from plants, where they
were initially classified as y-thionins'® and later classified as
defensins based on sequence homology, structure, and func-
tional similarity with animal defensins.'® Despite the fact that
plant defensins have a quite similar amphiphilic -sheet struc-
ture to that of animal defensins, their evolutionary relationship is
unclear (see ref. 10 for an extensive review on plant defensins).
Defensins can kill bacteria or inhibit their growth through a
multiplicity of antimicrobial mechanisms such as direct
membrane disruption'®'®?° and inhibition of bacterial cell
wall synthesis.>>* Although defensins are classically known
for their antimicrobial activities, they also possess many other

RSC Chem. Biol., 2023, 4, 722-735 | 723
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Fig. 1 Families and structures of different Cys-rich cyclic peptides used as molecular frameworks for the design of novel antimicrobial peptides as
described in the manuscript. These include a-defensins: Crp4 (PDB: 2GW9),**® B-defensins: hBD1 (PDB: 113V),*° hBD2 (PDB: 1FD3),*** hBD3 (PDB:
1KJ6)*%2 and RTD1 (PDB: 1HVZ);!3 cathelicidins: PG-1 (PDB:1PG1)®” and LL-37 (pdb: 7PDC);'* Cys-rich backbone cyclized peptides: kalata B1 (pdb:
INB1),°° cycloviolacin O2 (pdb: 1DF6)*>° and SFTI-1 (pdb: 4TTK);**” and B-hairpin peptides: gomesin (pdb: 1KFP)**” and thanatin (pdb: 5XO4). Their
primary structures and antimicrobial properties are summarized in Table 1.

Table 1 Summary of the bioactive peptides’ primary structures and antimicrobial activities showed in Fig. 1. NA stands for non-available

Group Peptide name Sequence and disulfide structure MIC (uM) Ref.
[ |
a-Defensin CRP4 GLICYCRKGHfKRGERVRGTCGIRFLY'CCPRR <5 38 and 39
[ hBD-1 ' P —— ‘ L
DHYNCVSSGGQCLYSA(‘:PIFTKIQGTCYRGKAKC(IZK N.A. oxidized 49
\ 2.3-23 50
GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP i
B-Defensins hBD-2 F (‘:
[ 1 |
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 0.7-1.2 51
hBD-3 ‘ ’
. )
0-Defensin RTD-1 GFCRCLCRRGVCRCICTR 0.5-5 61 and 62
L
. _
Cathelicidins | RGGRLCYCRRRFCVCVGR 0.03-0.4 72 and 76
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 1-10 88
{[t\ﬁ
Kalata B1 LCGETCVGGTCNTPGCTCSWPVCTRNGLPV-\ 0.29-14 122
e —
Cyclotides L :
MCo-PG2 C\GSGSGGRLCYCRRRFCVCVGRRGGVCPKILQRCRRDSD(J:PGACICRGNGY 0.8-12.5 77
SFTI-I derived RV3 RVRVRVWRVRVRVCTKSIPPICF 0.6-4 134 and 135
. —
-Hairpin Gomesin QCRRLCYKQRCVTYCRGRX 0.2-6 136
-Halrpl
. [
Thanatin GSKKPVPIIYCNRRTGKCQRM 0.5-2 142 and 143

defense-involved activities, including wound healing,***’ Mammalian o-defensins are, in general, less cationic and

immune modulation,”*° neutralization of endotoxins,*>*" more hydrophobic than B-defensins (hBDs) (Table 1), and they
and anti-cancer activities.*” use different mechanisms to kill bacteria.'® For example, while

724 | RSC Chem. Biol., 2023, 4, 722-735 © 2023 The Author(s). Published by the Royal Society of Chemistry
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hBD-1 and hBD-2 show better activity against Gram-negative
bacteria,*® hBD-3 displays potent bactericidal activity against
both Gram-positive and Gram-negative bacteria.***>

The antibacterial activity of o- and B-defensins is highly
dependent on the ionic strength of the media, and salt-
dependent inactivation of defensins in patients with cystic
fibrosis has been proposed as the potential cause of chronic
pulmonary infections in these patients.*®

The antimicrobial activity of the naturally cyclic 6-defensins
(Fig. 1 and Table 1), in contrast, has been shown to be less
sensitive to salt concentration than a- and B-defensins.?” This
difference has been attributed to the circular structure of
0-defensins since the acyclic forms are more salt sensitive.’”
In agreement with this hypothesis, the replacement of the
characteristic Cys-Cys disulfide bridge end-to-end, Cys**!
(Cys L:Cys VI) in the rabbit a-defensin neutrophil peptide 1
(NP-1) by a backbone-cyclization, provided biologically active
defensin analogs that were less sensitive to salt.*® No studies,
however, were provided in this work on the stability of the
resulting engineered circular a-defensins lacking the characteristic
C- to N-termini Cys-Cys disulfide bridge. In another independent
study, the backbone-cyclization of the native a-defensin cryptidin-4
(Crp4) from murine Paneth cells demonstrated that the backbone-
cyclized version of Crp4 was able to adopt a natively-folded
a-defensin structure displaying equivalent or better microbicidal
activities against several Gram-positive and Gram-negative bacteria
when compared to the native linear Crp4.*® Both forms of Crp4,
linear and circular, showed no detectable hemolytic activity against
human red blood cells. In addition, the circular version of Crp4

Bacterial membrane

RSC Chemical Biology

displayed significantly higher stability against proteolytical degra-
dation when incubated with human serum.*® The presence of the
disulfide array in Crp4 has previously been shown to be a
necessary component in resistance to proteolytic degradation but
does not affect antimicrobial activity.'® These properties make
cyclized Crp4 a-defensins promising scaffolds for drug develop-
ment of novel antibiotics, although further studies may be
required to evaluate their metabolic stability and bioavailability.

The hydrophobic and highly cationic nature of defensins
favors the accumulation of these peptides on the mostly
negatively charged bacterial membranes in both Gram-positive
and Gram-negative bacteria independently of their actual target
of action.*" For many years, it was believed that the mechanism
of action of defensins was the permeabilization of the bacterial
membranes. Different models have been proposed for the
membrane permeabilization of antimicrobial peptides (Fig. 2).
These include: (i) the barrel-stave pore model, where the peptide
molecules can use their amphipathic nature to form dimers or
multimers that cross the membrane forming barrel-like
channels,*? (ii) the toroidal pore model where the defensin
creates a monolayer connecting the outer and the inner lipid
layers in the pore;*’ (iii) the carpet model, where antimicrobial
peptides produce a carpet-like structure that covers the outer
surface of the membrane and disrupts it in a detergent-like
mechanism of action;** (iv) other less frequent models involve
the sinking-raft and the molecular electroporation models,
where the peptide molecules can either bind or sink into the
bacterial membrane or just disrupt the electrostatic potential
across the membrane to generate pores.*

.

N

Antimicrobial
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ﬁ Membrane

gg phospholipids

Different types of molecular interactions with membranes
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Fig. 2 Different types of models proposed for the molecular mechanism of action of antimicrobial peptides.
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More recent studies have suggested that some defensins can
exert their antibacterial activity using alternative modes of action
(Fig. 2).*! For example, human defensins can also interact with
additional bacterial targets to kill bacteria. a-Defensin HNP1 has
been shown to interact mostly with the bacterial membrane in
Escherichia coli but instead employs a different bactericidal
mechanism on Staphylococcus aureus by interacting and inhibit-
ing the cell-wall precursor lipid I1.>* The bactericidal activity of o-
defensins HNP2 and HNP3 also involve lysing the bacterial
membrane, although HNP2 has also been reported to produce
aggregation and fusion of vesicles as alternative mechanisms of
action for its bactericidal activity.*® Interestingly, HNP4, the less
abundant of the a-defensins found in the azurophilic granules of
neutrophils, is about 100 times more active against E. coli than its
homologs HNP1-3 and also targets the bacterial membrane.””
Other o-defensins like HD5 and HD6 also have been shown to
permeabilize the bacterial cell membrane as the main mecha-
nism for their bactericidal activity.48 HD5 has, in addition, the
ability to bind strongly to DNA, suggesting that this interaction
may be key in dysregulating essential processes associated with
DNA replication, transcription, or translation of genes involved in
bacterial survival.*

The proposed role for f-defensins like hBD1 is acting like a
protective barrier for epithelial cells, therefore, preventing infec-
tion by commensal bacteria.>® Although the antimicrobial activity
of hBD1 has been found to be lower than other defensins, after the
complete reduction of its three disulfide bridges, its antimicrobial
properties become more potent but also more labile to proteolytic
degradation.®® In human skin, hBD1 is found colocalized with the
redox protein thioredoxin, which supports the hypothesis that
thioredoxin may act as an in situ physiological mediator catalyzing
the reduction of the less active folded hBD1 into the most active,
fully reduced form of hBD1 in human epithelia.®® Other
B-defensins, like hBD2-4, also employ the common mechanism
of action by binding to the negatively charged bacterial membrane
and causing membrane permeabilization and cellular death.>'"
In addition, hBD3 has also been shown to bind and inhibit lipid II,
perturbing the bacterial cell wall biosynthesis.>

0-Defensins

In contrast with a- and B-defensins, 6-defensins are naturally
backbone cyclized antimicrobial peptides which are formed by
the head-to-tail covalent assembly of two nonapeptides derived
from o-defensin related precursors®”>® (see ref. 17 for an
extended review on the chemistry and biology of 6-defensins).
As mentioned earlier, O-defensins are, to date, the only known
backbone-cyclized polypeptides expressed in animals®” and show
antimicrobial activities in the 0.5-5 pM range. The antimicrobial
activity of 0-defensins is less sensitive to physiological salt con-
tent when compared to o- and B-defensins, which can be attrib-
uted to their backbone circular topology as the linear analog of
the Rhesus defensin 1 (RTD-1) is about three times less active
than the cyclic RTD-1.>” Interestingly, it has been reported that
the disulfides of 6-defensins are not essential for antimicrobial
activity.>* 6-Defensins have also been shown to bind and neu-
tralize bacterial toxins such as anthrax lethal factor.”>™”

726 | RSC Chem. Biol., 2023, 4, 722-735
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The recent development of efficient approaches for the
chemical and recombinant production of 0-defensins®**¢™>°
has allowed the rapid and efficient production of many 6-defensin
analogs to study their chemical and biological properties.'”” The
recent use of a ‘tea-bag’ approach® in combination with a one-pot
cyclization method involving native chemical ligation and oxidative
folding allowed the development of more potent analogs of 6-
defensin RTD-1 that can inhibit anthrax lethal factor (LF) as well
as the TNF-o. converting enzyme (TACE) with K; values ~40 nM and
~ 157 nM, respectively.>®

Natively folded and bioactive 6-defensin RTD-1 has also
been produced in high yield (0.7 mg of RTD-1 per gram of
wet cells) inside E. coli cells by making use of intracellular protein
trans-splicing in combination with a highly efficient split-intein.””
This approach was employed to produce a genetically-encoded
RTD-1-based peptide library in E. coli cells encoding ~2 x 10’
different RTD-1-based sequences.”” This result is intriguing as 0-
defensins possess antimicrobial activities against several microbial
pathogens, including P. aeruginosa, S. aureus and E. coli, patho-
genic yeast Candida albicans, and HIV.®"** §-Defensins also display
potent anti-inflammatory properties in vitro and in vivo mediated
by the suppression of numerous pro-inflammatory cytokines and
blockade of TNF-o release by inhibition of TACE.** A potent TACE
inhibitor was recently developed using the Rhesus 6-defensin as a
molecular scaffold.*®

Cathelicidins

Cathelicidins are antimicrobial peptide precursors widely dis-
tributed in mammalian and some fish granulocytes and certain
epithelia. Their name indicates the presence of a cathelin domain, a
well-conserved structural element of about 100 amino acids, that is
followed by a C-terminal antimicrobial peptide domain. The C-
terminal antimicrobial domain can adopt o-helical, B-sheet, or other
structures once released by proteolytic cleavage. Cathelicidins are
considered part of the innate immune system in many vertebrates
and show in general a broad-spectrum antimicrobial activity against
bacteria, some enveloped viruses, and fungi. In addition to their
antimicrobial activity, cathelicidins are also able to activate host
defense responses (see ref. 64 for a detailed review of cathelicidins).

Protegrins

Mature protegrins are Arg and Cys-rich cationic polypeptides 16
to 18 residues long with an amidated C-terminus.®® Protegrins
adopt a B-hairpin structure stabilized by two disulfide bridges
(Fig. 1 and Table 1). Protegrins were first discovered in porcine
leukocytes,®® and their structure resembles that of the 0-defensins®
and tachyplesin/polyphemusin peptides found in the hemocytes of
horseshoe crabs.®®

Five different porcine protegrins (PGs) have been isolated
and characterized, PG-1 through PG-5.°> Protegrins show
broad-spectrum antimicrobial activity against Gram-positive
and Gram-negative bacteria, including multi-drug resistant
bacterial strains.’” They can bind important components of
microbial membranes, including lipopolysaccharides (LPS),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lipid A and lipoteichoic acid (LTA),*® which help them to insert
into the bacterial membrane and permeabilize it.®® Protegrins
have also shown antiviral activity against HIV-1"® and HSV-2,”"
enveloped virus responsible for AIDS and genital herpes.

In contrast with defensins, protegrins have a broader anti-
microbial pH range, being effective against acid-tolerant micro-
organisms even at pH 4.5.°® Another interesting feature of
protegrins is that their antimicrobial activity is not affected
by physiological NaCl concentration, also remaining largely
unaffected by the presence of divalent cations.”” The salt
tolerance observed in protegrins is imparted by the disulfide
bridges, which stabilize the B-hairpin even in the presence of
high salt content.®®”> For example, a disulfide-free protegrin
analog of PG-1, obtained by replacing each Cys residue with Ala,
displayed similar antimicrobial activity to that of the native
disulfide-containing protegrin but was practically inactive in
media containing 100 mM NaCl.”

The presence of serum proteins also has a negligible effect
on the antimicrobial activity of protegrins, and in some cases, it
has been described to have a positive effect enhancing their
antimicrobial activity, likely through the additive effects of
complement or other serum constituents.®® This is completely
the opposite effect that human serum has on o-defensins, where
several serum components (e.g., a2-macroglobulin and serpins)
avidly bind human o-defensins, significantly reducing their
antimicrobial activity.”?

On the other hand, native protegrins also display high
cytotoxicity and hemolytic properties against eukaryotic and
red blood cells.”* Cytotoxicity to eukaryotic cells has also been
described for other B-sheet antimicrobial peptides like tachy-
plesin and polyphemusin peptides.”>

Extensive structure-activity studies have been carried out in
porcine protegrins to define the importance of sequence length,
residue chirality, C-terminal amidation state, and disulfide-
bridge structure required for the antimicrobial and cytotoxic
activity of protegrins in order to improve their biological activity
and reduce cytotoxicity.”® Several studies have shown that the
introduction of structural alterations on protegrins can greatly
reduce their cytotoxic properties while keeping intact their broad-
spectrum antibacterial activity.”>”%””

Backbone cyclization and introduction of an extra disulfide
in the B-sheet region to produce a cyclic tri-cystine analog of
protegrin PG-1 has been shown to reduce about 10 times the
hemolytic activity of PG-1 while improving 6 to 30 times the
membranolytic selectivity against several pathogenic micro-
organisms.”” Introduction of the V14T mutation on PG-1 also
significantly reduced the cytotoxicity against mammalian cells
while keeping similar antibacterial activity to that of the parent
PG-1 peptide.®®

The porcine PG-1 was used as starting point to generate the
analog 1B-367, also known as iseganan.”® 1B-367 has shown
promising results in the prevention of chemotherapy- and
radiation-induced oral mucositis, and the drug has been eval-
uated in phase III clinical trials for this application.”®*°

Murepavadin, also known as POL7080, is a recently devel-
oped synthetic cyclic B-hairpin peptidomimetic based on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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protegrin PG-1.°"®* This antibacterial peptide was designed
by using a p-Pro-i-Pro template to mimic and stabilize the -
hairpin conformation of PG-1 generating a diverse peptide
library that was then screened for antibacterial activity.®®
Murepavadin is a highly active Pseudomonas spp-specific pep-
tide antibiotic that targets the outer membrane protein trans-
porter LptD of P. aeruginosa.®” This is the first example of a
peptide antibiotic with a novel nonlytic mechanism of action.
This peptide has shown very potent bactericidal antimicrobial
activity against P. aeruginosa in vitro, including over 1000 multi-
drug-resistant (MDR) clinical isolates of P. aeruginosa.®* ¢

These results, together with the good safety profile observed
in a phase 1 study,®” and combined with results from ongoing
clinical studies, are highly encouraging to continue further
clinical development of murepavadin for treating serious
P. aeruginosa infections.®*

More recently, a topologically modified version of protegrin
PG-1 was also used to generate novel antibacterial cyclotides with
effective broad-spectrum antibacterial activity against several
ESKAPE bacterial strains and a panel of MDR clinical isolates of
P. aeruginosa and S. aureus.”” The most active antibacterial cyclo-
tide showed similar activity to that of PG-1 while displaying little
hemolytic activity and being extremely stable in serum.”” This
novel cyclotide was also able to provide in vivo protection in a
murine model of P. aeruginosa peritonitis.””

LL-37

Despite the great abundance of -defensin-encoding genes in
the human body, LL-37 is the only cathelicidin identified so far
in humans.®* LL-37 is expressed as the protein precursor hCAP-18
that is stored in cytoplasmic granules and lamellar bodies.** The
C-terminal segment of hCAP18 is then proteolytically cleaved by
proteinase 3, providing the fully active 37-residue long LL-37
peptide.®* Expression and secretion of LL-37 is mostly carried out
by epithelial cells, although immune cells are also known to
express and secrete peptide LL-37.°* LL-37 shows good antimi-
crobial activity against Gram-negative and Gram-positive bacteria
with MIC values ranging from 1-10 uM depending on the method
used to calculate it and the bacteria strain.*® The antibacterial
activity of LL-37 is through direct interaction and disruption of
the bacterial membrane, although it also shows strong immuno-
modulatory properties.®*

Mature LL-37 is a linear peptide with a high o-helical
content in physiological buffers. The a-helical content has been
estimated to be around 35% at pH 7.4.%° The helicity of the LL-
37 increases upon binding to the bacterial membrane, which is
a common feature observed in lipid-binding peptides.®® Syn-
thetic LL-37 peptide analogs have been evaluated in clinical
trials for treating venous leg ulcers.”

Despite the interesting bioactivities of LL-37, its clinical
potential has been mainly hampered by its proteolytic instabil-
ity and cytotoxicity.”® To overcome these issues, different
approaches have been employed for the stabilization of LL-37.

The N-terminal fragment of LL-37, peptide LL-12, completely
lacks any antibacterial activity.”” The C-terminal region of LL-37,
in particular the segment corresponding to LL-37 (18-29), also
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KR12
H-LGDFFRKSKEKIGKEFKRIVQRIKDFLRNL-NH,

7 RANNVYY)
2

H-KRIVARIKKFLR-NH,

i) Sequence minimization
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i) cyclodimerization‘

cyclo-[CPGG-KRIVARIKKFLR-GPGG-KRIVARIKKFLR]
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Fig. 3 Design of peptide CD4-PP, a cyclo-homodimer based on an
improved KR12 peptide (LL37 218-29 fragment) containing activating
mutations Q5A and D9K (shown in green). The optimized KR12 Q5A,
D9K was used to produce a backbone cyclized anti-parallel homodimer.
The flexible linker G/CPGG (shown in blue) was used to join the identical a-
helical segments.®® The resulting cyclic peptide CD4-PP displayed 16-fold
higher antibacterial activity compared to KR-12 against P. aeruginosa and
S. aureus, and 8-fold increased fungicidal activity against C. albicans.®®

known as peptide KR12, retains most of the antimicrobial activity
of LL-37 while also showing reduced cytotoxicity.”>** The activity
of KR12 can be further improved by introducing specific muta-
tions, Q5A and DYK, in the peptide sequence.”® KR12-derived
linear peptides, however, are highly susceptible to proteolytic
degradation. A recent report used a backbone cyclized homodimer
of the improved KR12 Q5A, D9K analog sequence to improve its
stability to proteolytic degradation (Fig. 3).°® The most active
peptide, CD4-PP, displayed 16-fold higher antibacterial activity
compared to KR-12 against P. aeruginosa and S. aureus, and
8-fold increased fungicidal activity against C. albicans.”® Unfortu-
nately, CD4-PP also displayed increased hemolytic and cytotoxic
activity.”® This interesting work on peptide KR-12 suggests that
backbone cyclo-dimerization can be used as an effective strategy to
improve both the potency and stability of linear antimicrobial
peptides, although more studies may be required to decrease the
hemolytic and cytotoxic activity of CD4-PP.

Cyclotides

Cyclotides are fascinating circular Cys-rich micro-proteins con-
taining ~30 residues and three disulfides that are found in
plants.”” Cyclotides display various biological properties such
as protease inhibitory, antimicrobial, insecticidal, cytotoxic,
anti-HIV, and hormone-like activities (see ref. 12, 13 and 98 for
recent reviews of the properties and applications of cyclotides).
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They share a unique head-to-tail cyclic cystine knot (CCK) scaf-
fold of three disulfide bridges, with one disulfide penetrating
through a macrocycle formed by the two other disulfides and inter-
connecting peptide backbones, forming what is called a cystine
knot topology (Fig. 1 and 4).°° The main features of cyclotides are
remarkable stability due to the cystine knot, a small size making
them readily accessible to chemical synthesis, and an excellent
tolerance to sequence variations. Cyclotides have also been shown
to be orally bioavailable,'°*'*" and capable of crossing cell
membranes'*>'* to efficiently target extracellular'® "% and intra-
cellular molecular targets in vivo.'® Cyclotides also display poor
immunogenicity due to their highly constrained nature.'*®'* All
these properties make them an ideal scaffold for peptide drug
design.13'98'110

Naturally-occurring cyclotides from the Mdbius and bracelet
subfamilies display strong insecticidal activity and are thought
to work mainly as host-defense agents.""'"'® Other biological
activities reported for cyclotides from these two subfamilies
also include inhibiting the growth of parasitic worms.**”**°

Folded cyclotides from these two subfamilies display well-
defined hydrophobic and hydrophilic patches on the molecular
surface, conferring them an amphipathic character."*® These
amphipathic properties are also typically found in classical anti-
microbial peptides. This molecular characteristic has been used to
explain their antibacterial activity."*! For example, the Mébius
cyclotide kalata B1 has been described to possess antimicrobial
activity against Gram-positive and Gram-negative bacteria.'*?
Other cyclotides isolated from plants have also shown similar
antimicrobial activities.'>*™*>* The more potent naturally-occurring
antimicrobial cyclotide tested so far is the bracelet cyclotide
cycloviolacin 02."*® This cyclotide also showed activity against
S. aureus in a mouse infection model."” As with many other
antimicrobial peptides, the in vitro antimicrobial activity of these
types of cyclotides strongly depends on the buffer composition,
showing promising antimicrobial activity only in low salt content
buffers. This may suggest that the in vivo antimicrobial activity of
cycloviolacin O2 could also be due to an indirect effect.

Cyclotides can also be used as molecular frameworks to
introduce other biological activities. For example, a recent
study reported the first design and synthesis of a novel
cyclotide with broad-spectrum antimicrobial activity in vitro
against different ESKAPE pathogens (P. aeruginosa, S. aureus,
K. pneumoniae, and E. coli), including 20 MDR clinical isolates
for the human pathogens S. aureus and P. aeruginosa (Fig. 4).
The median minimal inhibitory concentration (MIC) 50%
(MICs) and MIC 90% (MICy,) values for several MDR clinical
strains of P. aeruginosa were 1.5 uM and 3.1 pM, respectively;
while for clinical isolates of MDR S. aureus the MIC5, and MICq,
values were 6.25 UM and 12.5 uM, respectively.”” More impor-
tantly, the most active cyclotide, MCo-PG2, showed strong
antimicrobial activity in vivo using a murine model of acute
P. aeruginosa peritonitis.”” Cyclotide MCo-PG2 was shown to
improve the survival rate in a peritonitis mice model using the
clinical isolate of P. aeruginosa (ATCC 27853) from 0%, for the
untreated mice group, to 90% for the mice group treated with
25 mg kg~ of cyclotide.””

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Design of antimicrobial cyclotide MCo-PG2 using molecular grafting. A topologically modified version of protegrin 1 (PG-1) was grafted into loop
6 of trypsin inhibitor cyclotide MCoTlI-Il. The resulting engineered cyclotide precursor was readily produced by solid-phase peptide synthesis. The crude

linear thioester was then cyclized and oxidatively folded in a “one-pot

reaction”.”” The resulting cyclotide, MCo-PG2, displayed broad-spectrum

antimicrobial activity in vitro against different ESKAPE pathogens (P. aeruginosa, S. aureus, K. pneumoniae, and E. coli), including 20 MDR clinical isolates
for the human pathogens S. aureus and P. aeruginosa. Cyclotide MCo-PG2 also improved the survival rate in a peritonitis mice model using the clinical
isolate of P. aeruginosa (ATCC 27853) from 0% for the untreated mice group to 90% for the mice group treated with 25 mg kg™* of cyclotide.””

The results reported with cyclotide-MCo-PG2 are very
encouraging, demonstrating for the first time the design of a
novel cyclotide exhibiting potent antimicrobial activity under
physiological-like conditions and showing also strong in vivo
antibacterial efficacy in a murine P. aeruginosa-induced perito-
nitis animal model.””

The trypsin inhibitor cyclotide MCoTI-II has also recently
been used to graft potent antimicrobial peptide optP7 (H-
KRRVRWITW-NH,)"*® to produce antimicrobial cyclotide [L6-
Opt7]-Mco."*® Some of the fractions obtained during the fold-
ing of this cyclotide exhibited promising antimicrobial activity
against a panel of ESKAPE pathogens, with MIC values in the
low UM range.'*® MIC values were, however, obtained under
optimized buffer conditions, and the antimicrobial activity was
shown to be strongly dependent on the ionic strength of the
assay buffer."* Unfortunately, this is a feature commonly
found in many antimicrobial peptides. The activity dependence
on ionic strength of cyclotide [L6-Opt7]-Mco, however, could be
attributed to the intrinsic properties of the grafted sequence,
peptide optP7."*® In contrast, the activity of cyclotide MCo-PG-
2, based on cyclotide MCoTI-I and protegrin PG-1, was not
affected by the buffer composition and exhibited full activity
in vivo using a peritonitis animal model.””

Sunflower trypsin inhibitor 1 (SFTI-1)

SFTI-1 is a 14 amino acid backbone-cyclized peptide containing
a single disulfide bond that is naturally found in the seeds of
the sunflower plant (Helianthus annuus)."*® SFTI-1 belongs to
the Bowman-Birk inhibitor (BBI) family, whose members are

© 2023 The Author(s). Published by the Royal Society of Chemistry

found in many plants and are potent serine protease inhibitors."**
Structural analysis of SFTI-1 shows a well-defined double B-hairpin
loop linked by two short anti-parallel B-strands (Fig. 1)."** The
backbone-cyclized SFTI-1 is the smallest and the most potent
protease member of the family with a K; against trypsin in the
low nM range."*®

The relatively rigid backbone of SFTI-1 makes it extremely
resistant to proteolytic degradation and a good molecular
framework to introduce novel biological activities)."*° A recent
report used the trypsin-binding loop (CTKSIPPIC) of SFTI-1 as a
scaffold to design a novel type of peptide antibiotic. In this work,
several peptides designed using an alternate arrangement of
hydrophobic and cationic amino acids ((RX),W(RX),, where n =
2 or 3, and X represents a hydrophobic residue) were fused to the
N-terminal of the oxidized trypsin-binding loop (CTKSIPPIC) of
SFTI-1."** The most active peptide, RV3 (n = 3 and X = Val),
displayed broad antimicrobial activity against Gram-positive and
Gram-negative bacteria, with MIC values ranging from 1 to 4 pM,
and showed antimicrobial efficacy in a mouse skin inflammation
model established by P. aeruginosa infection."** Peptide RV3 was
able to effectively kill the pathogen, promote wound healing,
inhibit inflammatory cell infiltration, and inhibit mRNA and
protein expression of TNF-a, IL-6, and IL-1B inflammatory
factors."** This study concluded the mechanism of action of
RV3 involved binding to lipopolysaccharides in the bacterial
membrane, increasing the cell membrane permeability and
finally leading to cell membrane rupture and death.'**

Another study recently reported the design of a hybrid
antimicrobial peptide using the trypsin binding loop (loop 1)
of SFTI-1 and the sequence corresponding to loop 2 of peptide
HVBBL'*®> HVBBI is a B-hairpin BBI peptide found in the skin
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secretions of the Chinese bamboo odorous frog."** The result-
ing hybrid peptide, HSEP-1, displayed only modest antimicro-
bial activities against Micrococcus luteus (MIC &40 uM). Further
optimization of HSEP-1 by increasing the hydrophobicity of
loop 2 and charge of the peptide yielded peptide HSEP-3. This
peptide displayed a MIC value of 0.6 pM against M. luteus,
although antimicrobial activity against other bacterial patho-
gens was rather modest."*® These designed peptides elicit their
antibacterial action via both membrane destabilization and
inhibition of intracellular trypsin, which are attributable to
the two separate peptide segments, loop 1 (trypsin binding
loop) and loop 2 (antimicrobial segment). The toxicity studies
and food preservation assays in this work indicated good safety
and efficacy profiles for its potential use as a food preservative,
although more optimization may be required before its com-
mercial application.'*®

p-Hairpin-containing peptides of
arthropod origin
Gomesin

Gomesin is an 18-residue long Cys-rich cationic antimicrobial
peptide originally isolated from the hemocytes of the Brazilian
tarantula Acanthoscurria gomesiana (see ref. 136 for a recent
review on the structural and biological properties of gomesin)
(Fig. 1 and Table 1). The peptide shows potent cytotoxic activity
against clinical isolates of bacteria, including pathogenic
Gram-positive and Gram-negative, fungi and yeast with MIC
values ranging in all cases from 0.2 uM to 6 uM."*®

The solution structure of gomesin shows that the peptide
adopts a p-hairpin-like structure, with two-stranded anti-
parallel B-strands connected by a 4-residue non-canonical B-
turn (Y7-K8-Q9-R10) (Fig. 1)."*” The B-strands are stabilized by
two inter-strand disulfide bridges (C2-C15 and C6-C11) and six
inter-strand backbone-backbone hydrogen bonds.'*”

Numerous studies have been reported on the chemical
modification of gomesin to increase its antibacterial activity while
reducing its hemolytic properties."****° For example, a report
showed that backbone cyclization produced a circular analog of
gomesin that was more resistant to serum proteases and able to
retain the potent anticancer and antimicrobial activities of native
gomesin."* Cyclization of gomesin usually produces a 2- to 3-fold
increase in its antimicrobial activity while significantly increasing its
biological resistance to proteolytic degradation."*® More recently,
the same group also reported the introduction of mutations in the
cyclic analog of gomesin to reduce the cytotoxicity to eukaryotic cells
while keeping the biological activities of gomesin.'?®'*!

Thanatin

Thanatin is a 21-residue pathogen-inducible antimicrobial pep-
tide that, as gomesin, also adopts in solution a P-hairpin struc-
ture stabilized by a single-disulfide bond (Fig. 1 and Table 1).**?
This antimicrobial peptide was originally isolated from the insect
Podisus maculiventris and exhibits broad-spectrum activity against
both Gram-positive and Gram-negative bacteria as well as against
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various species of fungi [see ref. 143 for a recent review on the
antimicrobial properties of thanatin]. Thanatin presents low
hemolytic activity and low toxicity against mammalian cells. MIC
values range from ~0.5 pM (E. coli) to ~30 uM (P. aeruginosa).
Thanatin is less active against Gram-positive bacteria, with MIC
values ranging from ~2 uM (M. luteus) to no activity (S. aureus)."*>
A comparison study across different disulfide-containing f-hairpin
antimicrobial peptides indicates that thanatin had the lowest
hemolytic and cytotoxic activity hence highlighting its potential
for therapeutic applications."*® Accordingly, the antimicrobial
activity of thanatin and its analogs have been extensively studied
in vivo with very promising results. For example, S-thanatin
(thanatin with the T15S mutation) was shown to improve the
survival rate in a septicemic mice model using the MDR clinical
isolate of K. pneumoniae (CI120204205, resistant to carbapenems)
from 0%, for the untreated mice group, to 100% for the mice group
treated with 15 mg kg™ " of the peptide."** A C-terminal amidated
analog of thanatin (thanatin A) also increased the survival rate in an
extended-spectrum  f-lactamase-producing E. coli (ESBL-EC)-
infected mice model from 0%, for the control group, to 92% for
the mice treated with 10 mg kg™ ' of A-thanatin.'*

A recent report indicated that the binding of thanatin with
periplasmic proteins involved in LPS transport to the outer
membrane is the principal antimicrobial mode of action
against Gram-negative bacteria."*°

The broad-spectrum antimicrobial activity of thanatin, in
conjunction with its high in vivo stability and low cytotoxicity,
are quite promising, although further research may be required
before thanatin-based peptides can be developed into effective
treatments against bacterial infection caused by MDR pathogenic
bacteria. These studies should be focused on the development of
more potent thanatin-based antimicrobial peptides. For example,
more SAR studies on thanatin are still required to understand better
how the sequence and structural modifications in the peptide
composition can be translated into more active analogs.'*® In
addition, more detailed studies are required on the mode of action
of this peptide. The antibacterial activity of thanatin against Gram-
positive bacteria and fungi remains largely unexplained as these
microorganisms do not contain LPS or LPS-translocating protein
complexes.

Concluding remarks

The spreading of antimicrobial-resistant genes in new bacterial
strains is a matter of course and inevitable but this has been
accelerated by the consequence of antibiotics abuse.'®” The
search for new treatments should be urged to efficiently treat
infections mediated by established and new MDR pathogenic
bacterial strains.

Antimicrobial peptides are a highly diverse group of com-
pounds that are being investigated as potentially attractive
alternatives to classic antibiotics.’*® Among them, Cys-rich
cyclic peptides have gained popularity holding many advanta-
geous characteristics as therapeutic compounds in contrast to
classical small molecule-based antibiotics. Among the different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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examples reviewed in this manuscript, cyclotide-based antimi-
crobials are emerging as one of the most attractive alternatives
for the design of novel antimicrobial peptides with broad-
spectrum and effective in MDR pathogenic bacteria.

Cyclotides present extraordinary stability to thermal/chemical
denaturation as well as to proteolytic degradation.'*® This high
stability to proteolytic degradation and potential low cytotoxicity
allows them to be used for the treatment of systemic infections.””
In fact, proteolysis stability has been one of the main limitations
associated with the development of antimicrobial peptides,
which has limited their use mostly to topical applications.'
Cyclotides can in some cases cross mammalian cellular
membranes,'®'*! which should also allow them to target intra-
cellular bacteria. Intracellular bacteria remain one of the most
challenging targets when designing novel antimicrobial peptide-
based therapeutics.”® Intracellular bacteria are also known to
interfere with the host immune system to exacerbate the bacterial
infection process."”® Cyclotides and the circularized version of
the antimicrobial peptide gomesin have been shown to cross
mammalian cellular membranes'®******! and they have been
shown to have potent antimicrobial activities in animal models of
bacterial infection,”” which makes them ideal candidates for
further development into effective therapeutic agents able to
target intracellular pathogens.

The small size of these peptides allows their chemical synth-
esis by using standard solid-phase peptide synthesis methods
facilitating the use of structure-activity relationship (SAR) studies
to improve their biological properties. This allows the introduc-
tion of chemical modifications such as PEGylation and/or non-
natural amino acids to improve their pharmacological profiles,
e.g., half-life extension and proteolytic stability."*>'>*

In the case of the cyclotide scaffold, its high plasticity,
tolerance to sequence variation, and the presence of up to five
hypervariable loops make it an ideal substrate for molecular
grafting and molecular evolution techniques to target a specific
set of bacteria or bacterial targets.’®'*® A recent study show-
cased the use of the cyclotide scaffold in the design of de-novo
cyclotides with potent broad-spectrum antimicrobial activity.””
The most active cyclotide (MCo-PG2) displayed better activity
than colistin in a peritonitis infection model in mice.”” Colistin
is presently considered the last line of defense against human
infections caused by multidrug-resistant Gram-negative organ-
isms such as carbapenemase-producer E. coli, A. baumanni, and
P. aeruginosa.">* Cyclotide MCo-PG2 was also highly active
against a panel (N = 20) of different MDR clinical isolates of
S. aureus and P. aeruginosa indicating its high translational
potential as an antimicrobial therapeutic lead.””

Another exciting feature of cyclotides is the potential to be
orally active. In fact, several bioactive cyclotides have already been
reported as orally active,'”'** although more detailed pharmaco-
logical studies in this regard may be required in the future.

It is anticipated that some of the challenges still affect
antimicrobial peptides before they can move into the clinic.
These affect mostly immunogenicity and oral bioavailability,
which should be soon addressed as novel and more potent
antimicrobial peptides are reported.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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